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1 Introduction 


Grasslands, defined here as ecosystems in which graminoids, forbs and shrubs 
form a relatively continuous herbaceous layer of vegetation (Veldman et al. 
2015), cover some 40% of the Earth's land surface, extending over large areas on 
all continents except Antarctica. The development of grasslands, their species 
composition and challenges in their sustainable management for production 
and conservation vary considerably across regions (Olson et al. 2001). In many 
parts of the world, such as in North America, Central Asia and Sub-Saharan 
Africa, primary grasslands dominate. These 'old-growth' grasslands (Veldman 
et al. 2015) often occur where tree growth is limited by shallow soils, low soil 
moisture availability, low temperature, frequent fires or herbivory by large 
grazers. While Eastern European steppes are considered to be a climax 
vegetation, large parts of temperate grasslands in western and central Europe 
are associated with human activity, and their origin and maintenance are 
mostly linked to forest clearing and subsequent management such as mowing, 
grazing by domestic livestock or fire. Due to their anthropogenic origin, these 
grasslands are called secondary grasslands (Bredenkamp et al. 2002). 

While primary and secondary grasslands in temperate zones are often 
importantinterms of biodiversity, the pressure to increase animal production has 
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led to grassland intensification by increasing cutting and/or grazing frequency, 
reseeding, herbicide and fertilizer application, resulting in high-intensification 
grasslands and a corresponding loss of diversity. In contrast, it is estimated 
that some 4096 of the subtropical and tropical grasslands and savannas in Sub- 
Saharan Africa are degraded due to overgrazing, fire, climate change or other 
factors, usually resulting in a reduction of herbaceous vegetation cover and 
diversity (Le et al. 2016). 

Problems with undesirable, weedy plant species are known from all 
grassland types, but the type of weeds, the nature of the problem and thus 
options for their management vary considerably (Plate 1). For example, the vast 
majority of grassland weeds in the Prairies in North America are invasive non- 
native plants (INNPs), both grasses and forbs that have been brought in as seed 
contaminants with forage grass species from Eurasia. Weeds in arid and semi- 
arid savannas of Sub-Saharan Africa vary widely, from space-filling annuals to 
woody or other non-palatable perennials; they are mostly introduced but are 
sometimes also native species. In contrast, most grassland weeds in Europe 
are native plant species that are toxic or unpalatable to livestock; these may 
benefit from nutrient input and from vegetation gaps due to trampling or other 
mechanical disturbance. 

Until recently, the reliance on herbicides has been high in intensive 
grasslands in most regions of Europe. In low-yield grasslands in, for example, 
the northwestern United States or Australia, classical biological control by 
importing antagonists from the weed's native range has been successfully used 
for more than 50 years to control INNPs in a relatively cheap and sustainable 
way. However, the concept of integrated weed management (IWM), that is, the 


Plate 1 Examples of grassland weeds. a: Tansy ragwort, Jacobaea vulgaris, in Oregon, 
USA; b: Prosopis juliflora in Afar region, Ethiopia; c: Rumex obtusifolius in Kt Zürich, 
Switzerland; and d: Leucanthemum vulgare in Kosciuszko National Park, New South 
Wales, Australia. Photo credits: a: Marianna Szucs, b: René Eschen, c: Julie Klótzli, d: 
Andrew McConnachie. 
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combined use of complementary weed management practices, such as grazing, 
herbicide application, land fallowing or biological control (FAO 2021), remains 
largely understudied. The evolution of herbicide resistance, environmental 
concerns regarding the large-scale application of herbicides in grasslands and 
the fact that weed management strategies based on single control options 
often fail to manage weeds at the landscape level are likely to foster a truly 
IWM approach in grasslands across the globe, although the focus on particular 
components of weed management options may differ among regions and 
ecosystems. In particular, an IWM approach is considered critical for managing 
herbicide resistance in weeds (Norsworthy et al. 2012) and may offer options of 
low-cost, environmentally friendly and sustainable weed management in low- 
yield grasslands or in protected grasslands. 

Here, we describe the current status of IWM for grasslands by adopting 
a conceptual approach proposed by Kudsk et al. (2020). Its focus is on 
management practices available to influence transitions 


1 from the soil seed bank to seedling establishment; 
2 from the seedling stage to the mature plant; and 
3 from the mature plant to the soil seed bank. 


The latter includes export and import of propagules from and to the grassland 
as well as selecting well-adapted species/variety/genotype assemblages, 
when establishing the grassland community (Fig. 1). We thus provide a 
conceptual approach to illustrate how management practices available 
in IWM affect different transitions in a weed's life cycle and then provide 
examples of how weed management practices have been integrated so far. 
As weed management in grasslands differs considerably among geographic 
regions and among the type of weed species, we discuss examples of 
integration of weed management practices from across the globe. We end 
with an outlook for possible ways to promote increased uptake of IWM in 
grasslands. 


2 The weed management toolbox for grasslands: 
prevention, cultural, physical, chemical and biological 
control 


While the conceptual approach of IWM outlined in the study of Kudsk et al. 
(2020) is applicable to all major agricultural systems, weed management 
in perennial grasslands differs from weed management in annual cropping 
systems in a number of aspects. First, grasslands tend to form a perennial 
competitive environment, which, if well managed, only offers a few microsites 
for weeds to recruit from invading seeds or the soil seed bank (Fig. 1, transition 
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Figure 1 Integrated weed management (IWM) framework for grasslands, consisting 
of tools that 1) limit seedling establishment in grassland from the soil seed bank or 
subterranean vegetative organs, 2) limit competition for resources such as light, nutrients 
and water by removing weeds or reducing their competitive impact, and/or 3) limit return 
of seeds or vegetative organs to the soil seed/vegetative organ bank or their export to 
or input from other grasslands. Suitable tools may depend on grassland type and eco- 
climatic region (adapted from Kudsk et al. 2020). 


1). In addition, this competitive environment can affect the whole life cycle of 
weeds, reducing their growth rate and size (Fig. 1, transition 2) and consequently 
their seed production or fitness (Fig. 1, transition 3). Secondly, weed problems 
in grasslands are often caused by one or a few problematic species, while 
annual cropping systems are confronted with a diverse community of weedy 
species (Müller-Schàárer et al. 2018). Thirdly, grasslands, particularly in semi-arid 
and arid regions, tend to generate relatively low short-term economic benefits, 
which sometimes are lower than the costs of chemical weed control (Griffith and 
Lacey 1991). Thus, weed management strategies in grasslands may be built on 
different management practices than those in annual cropping systems. In the 
following sections, we briefly describe individual weed management practices 
as potential components of IWM, that is, prevention and cultural, physical, 
chemical and biological control measures. 


2.1 Prevention 


We understand prevention as any measure that prevents the transfer of weed 
propagules (primarily seeds) to areas where the weed has not yet established. 
In the context of INNPs, prevention measures may be implemented at the 
national border (e.g. control of goods or passengers at the port of entry). 
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In the case of native weeds or INNPs already established locally, prevention 
measures include activities that help avoid the transfer of weed propagules 
from an invaded to an uninvaded grassland. Practices that can prevent invasion 
of uninvaded grassland include controlled moving of livestock, cleaning 
of machinery or the use of weed seed-free fodder or seeding material. As 
most weeds are spread by seed, prevention can be described as the spatial 
component of the transition from mature plants to the soil seed bank (Fig. 1). 
Moreover, weed seeds may also be deliberately introduced if the weed species 
are sold as ornamentals or as components of commercial seed mixtures 
(Reichard and White 2001). 


2.2 Cultural control 


The aim of cultural control practices is to establish or maintain a competitive, 
well-managed sward, an essential component of weed management in 
grassland. Weed management must therefore be closely linked with adapted 
grazing management, as overgrazed grassland with an open sward is likely 
to be more susceptible to weed invasion compared with unstocked or well- 
managed grassland. On the other hand, undergrazing strongly increases 
selective foraging by the animal, resulting in a competitive advantage of less- 
grazed weedy species over heavily grazed forage species. Accordingly, Suter 
et al. (2007) observed 12 times higher relative risk of Jacobaea vulgaris Gaertn. 
(syn. Senecio jacobaea L.) problems in pastures with low stocking rates as 
compared to well-managed rotational grazing or cutting management. 

Besides the prevention measures described above, cultural control 
measures primarily attempt to reduce the transition from the soil seed bank 
to the seedling establishment or seedling survival (Fig. 1), but grazing can 
also be used to reduce growth and seed set of established weeds (e.g. 
Samuel et al. 2004). Cultural measures include rotational grazing, stabling 
livestock during wet days to reduce trampling damage, fire, overseeding and 
restoration of diverse grasslands. In general, multi-species, well-managed 
swards consisting of species with complementary functional traits have higher 
biomass production and prevent the establishment of unsown species more 
effectively than species-poor swards (Connolly et al. 2018; Suter et al. 2017). 
Fire, which can be used to reduce the transition from seedlings or saplings to 
adult plants, and reduce the survival and fitness of adult plants, is often used 
to manage invasive grasses or trees. Other cultural control measures, such as 
targeted grazing of weeds, also aim to reduce the transition from the seedling 
to the adult stage as well as to seed set; for example, sheep grazing is used 
to reduce densities or standing biomass of leafy spurge (Euphorbia esula L.), 
an important grassland weed in the Northwestern United States (Masin et al. 
2018). 
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2.3 Physical control 


Physical control measures include manual, mechanical and thermal (e.g., 
flaming, hot water) practices for weed control in grassland. Manual control 
comprises the uprooting of plants by hand pulling or using, for example, 
a spate, a hoe or a garden fork, or by removing the above-ground parts of 
a plant with an axe or a machete. It may also include ring- and strip-barking 
of woody weeds. Mechanical control may involve the use of machinery, for 
example, bulldozers or tractors, and involves, among others, chaining of larger 
plants, stick-raking or blade ploughing. Mechanical control is often used to 
remove dense stands of woody weeds but can be expensive and may lead 
to disturbance of the grassland sward, thereby increasing its susceptibility to 
re-invasion by the same or other weeds from the soil seed bank. 


2.4 Chemical control 


Chemical control is the use of naturally occurring or synthesized herbicides 
that alter the metabolic processes of a weed, so the plant is either killed or 
suppressed. Post-emergence herbicides, which are applied to weeds after 
they have emerged, are most frequently used to manage grasslands. Dense 
infestations with herbaceous weeds are often treated with foliar applications, 
and low densities are treated with spot spraying of herbicides that selectively 
control broadleaf species; the advantage of spot spraying is the reduced 
damage to non-target species, butthe costof application can be high. Chemical 
control of invasive alien tree species invading grasslands is usually based on 
foliar application, cut-stump treatment, basal bark treatment or stem injection; 
the latter two treatments allow selective application of non-selective herbicides 
with little risk to other plants growing nearby. Herbicides are labelled to indicate 
which weeds are susceptible to the herbicide, the habitats in which they may be 
applied, and the appropriate application method. 

A major difficulty of herbicide application in grassland is the multi-species 
nature of the non-targeted grassland sward. This makes it difficult to find a 
herbicide that is selective enough to only/mainly affect the weed species. It is 
thus difficultto chemically control unwanted grass species in grasslands that are 
generally grass dominated. In addition, treating dicot weeds may kill also dicot 
forage plants, resulting in gaps in the sward that facilitate the establishment 
of new weed species from the soil seed bank. Finally, herbicide treatments 
against dicot weed species often also kill leguminous species, which are highly 
advantageous in grassland systems (Lüscher et al. 2014; Suter et al. 2021). 
Repeated use of the same herbicide or other herbicides with the same mode 
of action will favour the development of resistant weed populations, a driving 
force for the adoption of IWM. 
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2.5 Biological control 


Three methods of biological weed control can be distinguished based on 
targeted weed, origin of the control agent and the amount of initial inoculum 
used (Muller-Scharer and Schaffner 2008). These three methods are 


* classical biological control; 
* inundative biological control; and 
* conservation biological control. 


Classical biological control (CBC; also called importation biological control) 
aims to control invasive non-native weeds by the introduction of specialist 
control organisms, usually insects, mites or fungal pathogens, from the 
weed's native range. The inundative or bioherbicide method uses periodic 
releases of an abundant supply of a native or exotic control agent over the 
entire weed population to be controlled. Such biological agents, generally, 
are manufactured and registered as biological control products. The third 
approach, which is called the conservation or system management approach, 
aims to enhance the effectiveness of resident natural enemies by manipulating 
their environment to increase their survival or performance. 

Grasslands rank among those habitat types with the longest and most 
successful history of classical biological weed control against non-native 
weeds (Winston et al. 2014), particularly in regions Europeans emigrated to 
between the sixteenth and nineteenth century. Several myco-herbicides have 
been developed against weeds, including members of the genus Taraxacum, 
Isatis and woody invasive alien species, but this inundative biological control 
approach has been hardly applied in grasslands (Table 1; Triolet et al. 2020, 
Hasan et al. 2021). Similarly, the use of commercial products consisting of 
herbivorous insects to manage grassland weeds has only been tested in a few 
cases so far (Vitelli 2000; Hahn et al. 2016). 


3 Integrated weed management practices in grasslands 


As has been repeatedly emphasized, in the case of grasslands, there is a need 
to manage the whole plant community rather than just manage individual weed 
species or populations (Dietl 1982; Grice and Brown 1996). The challenge of 
weed management in grasslands is to be effective, provide minimal negative 
environmental impacts and be economically sustainable. While there are 
examples where CBC of INNPs achieves all of these goals at the landscape 
scale, sustainable weed managementin grasslands often requires an integrated 
management approach that combines management practices related to one or 
several transitions of the conceptual model as shown in Fig. 1. 
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Promoting an appropriate combination of individual management 
practices to tackle weed problems in grasslands (and in other habitats) often 
requires developing context-dependent solutions. For example, in their native 
range, the build-up of high population densities of J. vulgaris in grasslands can 
largely be prevented by implementing cultural management practices that 
avoid sward damage from continuous extensive grazing on grassland with low 
nitrogen fertilization (Suter et al. 2007). In contrast, in their invasive range in 
North America, cultural management needs to be combined with biological 
control to achieve long-term control of this weed, as the resident community in 
the invaded range appears to be less competitive than that in the native range 
(see above; McEvoy et al. 1993). In a study comparing different combinations of 
management practices against three different INNPs, Huwer et al. (2005) found 
a trend towards a more favourable pasture state in all cases when at least two 
practices were combined in an IWM system. However, the results suggested 
that the order in which the IWM components should be applied depended 
on the initial perennial grass content at the study sites. Thus, to assist farmers 
to maintain healthy pasture systems, the IWM approach must be sufficiently 
flexible so that selection of practices and the order of the IWM components can 
be arranged depending on initial grassland conditions and biogeographic and 
eco-climatic settings (Fig. 1). 

The development of IWM strategies should also be based on the 
management objectives of the invaded grasslands, for example, whether the 
grasslands should be primarily managed for forage production, wildlife habitat 
improvement, restoration of native vegetation complexes, or recreational 
land maintenance (DiTomaso et al. 2006; Firn et al. 2013). To increase forage 
production and reduce densities of invasive forbs, IWM management in the 
Northwestern United States sometimes includes overseeding with perennial, 
competitive European grass species (Miller 2016), a practice that should be 
avoided in areas managed for wildlife habitat improvement or restoration of 
native grasslands. 


4 Integrating weed management practices: case studies 


In the following sections, we discuss strategies to integrate weed management 
practices in grasslands using case study examples listed in Table 2. We then end 
the chapter with an outlook on future developments and challenges related to 
sustainable weed management in grasslands. 


4.1 Tackling multiple transitions in the weed's life cycle 


A possible way to integrate weed management practices consists of combining 
a practice that reduces the establishment of seeds from the soil seed 
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bank (transition 1 in Fig. 1) with a practice that kills plants before they start 
setting seeds (transitions 2 or 3; Fig. 1). McEvoy et al. (1993) could show that 
establishing a competitive sward to reduce both seedling establishment in 
combination with biological control by the leaf beetle Longitarsus jacobaeae 
Waterhouse 1858, which kills established plants, had the highest impact on 
the population dynamics of the European plant J. vulgaris in the invaded range 
in Oregon, United States. Similarly, Grekul and Bork (2007) found a strong 
synergistic effect of fertilization on the herbicide treatments for Cirsium arvense 
(L.) Scop. control, which was at least partly attributed to enhanced competition 
from the increase in grass vigour and biomass of the fertilized forage sward. To 
manage the invasive yellow starthistle, Centaurea solstitialis L., DiTomaso et al. 
(2006) first applied prescribed burning to kill established plants; the efficacy 
of prescribed burning was significantly increased when it was followed by 
chemical control, probably due to a decreased recruitment from the remaining 
soil seed bank. 

A combination of practices reducing the performance of established plants 
and reducing the input of seeds into the soil seed bank also appears promising. 
In short-lived weeds, this may be achieved by combining practices that target the 
transitions from the seedling to the adult stage and the transition from the adult 
plant to the soil seed bank (Huwer et al. 2005). In long-lived weeds, particularly 
in woody species, both practices may target the adult plants, that is their survival 
and their reproductive output. For example, mechanical removal of established 
trees and releases of biological control agents led to the successful control of 
the tree Hakea sericea Schrad. & J.C.Wendl. (Proteaceae), which invaded fynbos 
and grassland ecosystems in South Africa. The seed-feeding biological control 
agents reduced seed output by more than 95%, which significantly reduced 
the weed's population growth rates (Le Maitre et al. 2008). Modelling analyses 
conducted by Buckley et al. (2004) indicated that the most successful strategy 
for suppressing the invasive tree Mimosa pigra L. involved a combination of 
herbicide application, mechanical control, burning, a reduction of small-scale 
disturbances and the use of insect biological control agents. 


4.2 Vertical and horizontal integration of weed management 
practices 


The integration of weed management practices can be viewed as a vertical 
integration of various management practices against a single weed species 
or as a horizontal integration across different weed species in one crop 
(Müller-Schárer and Collins 2012). In grassland, horizontal integration mainly 
involves practices that aim to establish or maintain competitive vegetation 
that offers as few microsites for weed recruitment or growth as possible. 
Practices for horizontal integration thus include grazing and mowing practices 
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or practices to prevent the import of seeds through machinery or livestock. 
Vertical integration of weed management practices can be implemented 
by separating the individual practices spatially or temporally, depending on 
weed densities or location relative to the invasion front or by fully integrating 
the different practices locally. For example, Chalak-Haghighi et al. (2008) 
suggested a combination of chemical control and intensified grazing at low 
density of C. arvense, while mowing in late summer plus chemical control and 
targeted grazing management techniques at high density of C. arvense. Grice 
et al. (2011) proposed a spatially explicit management strategy against the 
INNP Hymenachne amplexicaulis (Rudge) Nees in Australia that considers the 
stage of invasion and the assets to be protected. They developed a map that 
distinguished zones with different management objectives and thus different 
sets of suitable management practices. The study by Grice etal.(2011) provides 
a nice example of a spatially explicit management strategy against an INNP, 
focusing on better local integration of management practices. Paynter and 
Flanagan (2004) showed that the impact of biological control on the invasive 
tree M. pigra can be maximized by integrating it with other management 
practices locally, rather than by separating the practices spatially or temporally. 


4.3 Integrating grazing and mowing practices in integrated 
weed management 


As overgrazing is one of the main factors promoting problematic weeds in 
grasslands, integrating grazing/mowing management practices is often key for 
long-term sustainable weed managementin grasslands. For example, Suter and 
Lüscher (2011, 2012) found that herbicides and mowing once a year reduced 
the density of Jacobaea aquatica (Hill) G. Gaertn. & al. in Swiss grasslands 
by almost 9096 in the short term. However, after 3 years, weed densities had 
recovered again if no site-adapted mowing or grazing management was 
implemented, as gap formation in the vegetation and increased availability of 
light on bare soil facilitate weed recruitment from the soil seed bank. This study 
exemplifies the primary importance of the soil seed bank in a weed species' 
life cycle. J. aquatica is biannual, meaning that in a stable population every year 
5096 of the plants die and are replaced by new plants recruited from the soil 
seed bank. If a herbicide is applied and kills all established weed plants, some 
5096 of the original population will re-establish in the first year and another 5096 
in the second year, resulting in the loss of the herbicide effect. 
The example of control of J. aquatica highlights two important issues: 


e For an effective IWP, it is important to know the weed's biology; and 


* Preventing the build-up of a large soil seed bank is a key factor for 
successful and sustainable weed control. 
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Adjusting livestock stocking rates to or below the carrying capacity and 
implementing cultural grazing practices such as rotational grazing should be 
considered in numerous weed management projects on grassland; they also 
help restoring or conserving ecosystem services such as soil organic carbon 
stocks or flood protection (Baer et al. 2015). Targeted grazing practices can also 
increase the efficacy of other weed management practices. For example, leaf 
beetles of the genus Aphthona have been shown to be more effective when 
used in sequence with livestock grazing than either strategy used alone (Samuel 
et al. 2004). When contrasting herbicide treatments with environmentally more 
sustainable management practices, Pywell et al. (2010) concluded that lenient 
grazing in spring and autumn was sufficient to give long-term control of C. 
arvense in lowland and upland grasslands in the United Kingdom; herbicide 
wiping was the most effective control measure, but effects were lost rapidly. 
These examples illustrate the importance of implementing an appropriate 
mowing frequency or grazing rate as part of IWM in grasslands. One should 
consider, though, that mowing and grazing may have differential effects on the 
spacing and genetic structure of grassland weeds and thus affect prospects of 
other management practices (e.g. biological control; Kleijn and Steinger 2002). 


4.4 Weeding with invertebrates and pathogens in combination 
with other management practices 


Specialist invertebrate herbivores or pathogens have been repeatedly 
used in IWM of INNPs, in combination with either chemical control, physical 
control, prescribed burning or grazing (Fig. 1; Table 2). For example, Paynter 
and Flanagan (2004) found that herbicide application, bulldozing and fire 
alone were not effective in the management of the woody INNP M. pigra, but 
they enhanced the impact of invertebrate CBC agents (Buckley et al. 2004). 
Importantly, integrating CBC with other management can also significantly 
reduce management costs (Paynter and Flanagan 2004). While CBC is based 
on the deliberate introduction of specialist natural enemies to control INNPs, 
the use of native pathogens to control INNPs has also been considered. For 
example, Ehlert et al. (2014) proposed a two-pronged approach to control the 
INNP Bromus tectorum L. combining inoculation with the soil-borne generalist 
fungal pathogen Pyrenophora semeniperda (Brittlebank and Adam) Shoemaker 
with post-emergent application of the herbicide imazapic to limit the invasion 
of this weed in grasslands of western North America. 

In contrastto integrated management of pests, the use of native herbivores 
has rarely been considered in IWM, neither in inundative nor conservation 
biological control. Rumex obtusifolius L. and other European dock species are 
problematic grassland weeds in their native range as well as in the introduced 
range in Australia (Scott and Sagliocco 19912). For biological control of invasive 
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Rumex species in Australia, two closely related European clearwing moths, 
Pyropteron chrysidiforme (Esper) and P. doryliforme (Ochsenheimer), were 
examined as potential control agents (Scott and Sagliocco 1991a,b). Ultimately, 
P. doryliforme was released in Australia where it significantly decreased densities 
of invasive Rumex populations (Strickland et al. 2012). 

Based on this successful CBC project, a research project has been initiated 
to assess the feasibility of using P. chrysidiforme for inundative BC in the native 
European range of the insect and the target weed. Based on a field experiment 
assessing different application techniques, Hahn et al. (2016) proposed that 
mass releases of P. chrysidiforme may be a valuable approach to control R. 
obtusifolius in the native range by biological means. However, the considerable 
variation in infestation and subsequent impacts detected under experimental 
field conditions call for long-term studies to assess the full potential and 
efficacy of P. chrysidiforme for inundative BC of R. obtusifolius. Intuitively, the 
development of commercial inundative BC products using native invertebrate 
herbivores or pathogens (Kluth et al. 2003) and their integration in IWM holds 
considerable promise, but the proof of concept has yet to be established. 


5 Future trends 


IWM of weeds in grasslands is based on a good understanding of the biology 
and population dynamics of the target weed, particularly of site-specific 
transitions between stages ofthe weed's life cycle where particular management 
techniques can be effective (Fig. 1). Furthermore, the composition of the 
grassland, soil nutrient status and top-down pressure by natural enemies must 
be considered in IWM. The examples in Table 2, and discussed earlier, illustrate 
that targeted integration of different weed management practices can help to 
successfully reduce reliance on herbicides and result in more environmental 
friendly and sustainable management practices when tackling weed problems 
in grasslands across the globe. However, because the most suitable IWM 
strategies are context-dependent, developing new strategies often requires 
well-designed field experiments, which run for sufficiently long periods to 
allow community responses to develop. Moreover, successful implementation 
of IWM in grasslands requires careful planning that includes capacity building 
among stakeholders, prevention programs and dissemination of validated 
strategies (Liebman et al. 2016). 

In long-term perennial systems like grassland, understanding the 
competitive ability of the grassland sward relative to that of the weed species 
is a key factor for long-term success in weed management. The reason for 
weed dominance in a grassland is that growth conditions may give the weed 
a strong competitive ability relative to the grassland sward. In such a situation, 
any intervention that affects the weed only for a short time span - independent 
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whether the measure is of chemical, physical or biological manner - will only 
treat the symptom but not the fundamental cause of infestation. Several studies 
show that weeds come back immediately after a short-term control measure 
stops. To sustainably manage weeds in grasslands, the challenge is to adapt 
growth conditions in a way that the competitive ability of the grassland sward is 
increased or that of the weed species reduced or both. 

Species composition and productivity of grasslands are linked to climatic 
conditions. Weed management strategies should therefore take climate change 
into account, potential warming and the increasing prevalence of extreme weather 
conditions due to climate change. It has been suggested that such changes may 
affect population dynamics of weeds by affecting physiological seed dormancy, 
germination and emergence pattern, morphological characteristics (e.g., tougher 
plants) and resulting in reduced herbicide efficiency, and thus, their competitive 
ability and, in turn, the grassland community (Ziska 2016). Climate change is also 
expected to directly influence herbicide effects via changing herbicide uptake, 
translocation and metabolism (Varanasi et al. 2016) and to break herbicide 
selectivity (Jursík et al. 2020). Few studies have investigated such climate change 
effects, although they create a need for adapted control strategies as part of 
mitigation planning (Sun et al. 2021). Rapid increases in herbicide resistance 
have further highlighted the ability of weeds to undergo rapid evolutionary 
change. This also has been rarely studied so far but most likely does occur 
with consequences for the distribution, community composition and herbicide 
efficacy. It remains to be further explored how the recipient communities may 
also be affected by climate change, either directly (e.g., drought stress) or 
indirectly (e.g., change in land use), which in turn will affect their susceptibility to 
or impact on weeds (e.g., Sandel and Dangremond 2012). As a key prediction 
and observation of climate change is a shift in species ranges, a resilient weed 
management strategy should also take changes in the composition of desirable 
grassland and weed species into account (Catford et al. 2019). 

The expected accelerated evolution of herbicide resistance under 
climate change, increased herbicide regulations (e.g., the ban of numerous 
acting ingredients of herbicides) and a reduction in the discovery of new 
active ingredients of herbicides are further moving the field from herbicide- 
dominated weed management to IWM. 


6 Acknowledgements 


The authors would like to thank Per Kudsk for inviting them to write this book 
chapter. IWMPRAISE has received funding from the European Union's Horizon 
2020 research and innovation programme under grant agreement No. 727321. 
Urs Schaffner was supported by CABI with core financial support from its member 
countries (see https://www.cabi.org/about-cabi/who-we-work-with/key-donors/). 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


Integrated weed management in grasslands 17 


7 References 


Alder, C. G. 2012. Evaluating integrated weed management: Russian knapweed control 
with goat grazing and aminopyralid. Master thesis. Utah State University. 

Ang, B. N., Kok, L. T., Holtzman, G. |. and Wolf, D. D. 1994. Competitive growth of Canada 
thistle, tall fescue, and crownvetch in the presence of a thistle defoliator, Cassida 
rubiginosa Muller (Coleoptera: Chrysomelidae). Biol. Control 4(3):277-284. 

Baer, S. G., Bach, E. M., Meyer, C. K., Du Preez, C. C. and Six, J. 2015. Belowground 
ecosystem recovery during grassland restoration: South African Highveld compared 
to US tallgrass prairie. Ecosystems 18(3):390-403. 

Bredenkamp, G. J., Spada, F. and Kazmierczak, E. 2002. On the origin of northern and 
southern hemisphere grasslands. Plant Ecol. 163:209-229. 

Briese, D. 1996. Biological control of weeds and fire management in protected natural 
areas: are they compatible strategies? Biol. Conserv. 77:135-141. 

Buckley, Y. M., Rees, M., Paynter, Q. and Lonsdale, M. 2004. Modelling integrated weed 
management of an invasive shrub in tropical Australia. J. Appl. Ecol. 41(3):547-560. 

Catford, J. A., Jones, L. P., Gibson, D. J. and Newman, J. A. 2019. Grassland invasion in a 
changing climate. In: Gibson, D. J. and Newman, J. A. (Eds). Grasslands and Climate 
Change. Cambridge University Press (Catholic University of Pusan), Cambridge, UK, 
pp.149-171. 

Chalak-Haghighi, M., Van lerland, E. C., Bourdót, G. W. and Leathwick, D. 2008. 
Management strategies for an invasive weed: a dynamic programming approach 
for Californian thistle in New Zealand. N. Z. J. Agric. Res. 51(4):409-424. 

Connolly, J., Sebastià, M. T., Kirwan, L., Finn, J. A., Llurba, R., Suter, M., Collins, R. P., 
Porqueddu, C., Helgadóttir, Á., Baadshaug, O. H., Bélanger, G., Black, A., Brophy, 
c Cop, J., Dalmannsdottir, S., Delgado, l., Elgersma, A., Fothergill, M., Frankow- 
Lindberg, B. E., Ghesquiere, A., Golinski, P., Grieu, P., Gustavsson, A. M., Höglind, 
M., Huguenin-Elie, O., Jørgensen, M., Kadziuliene, Z., Lunnan, T., Nykanen-Kurki, 
P., Ribas, A., Taube, F., Thumm, U., De Vliegher, A. and Lüscher, A. 2018. Weed 
suppression greatly increased by plant diversity in intensively managed grasslands: 
a continental-scale experiment. J. Appl. Ecol. 55(2):852-862. 

Delaney, J. T., Moranz, R. A., Debinski, D. M., Engle, D. M. and Miller, J. R. 2016. Exotic- 
dominated grasslands show signs of recovery with cattle grazing and fire. PLoS ONE 
11(11):e0165758. 

Diamond, J. M., Call, C. A. and Devoe, N. 2012. Effects of targeted grazing and prescribed 
burning on community and seed dynamics of a downy brome (Bromus tectorum)- 
dominated landscape. Inv. Plant Sci. Manag. 5:259-269. 

Dietl, W. 1982. Oekologie und Wachstum von Futterpflanzen und Unkráutern des 
Graslandes. Schweiz. Landwirtschaft. Forsch. 21:85-110. 

DiTomaso, J. M., Kyser, G. B., Miller, J. R., Garcia, S., Smith, R. F., Nader, G., Connor, J. 
M. and Orloff, S. B. 2006. Integrating prescribed burning and clopyralid for the 
management of yellow starthistle (Centaurea solstitialis). Weed Sci. 54(4):757-767. 

Ehlert, K. A., Mangold, J. M. and Engel, R. E. 2014. Integrating the herbicide imazapic and 
the fungal pathogen Pyrenophora semeniperda to control Bromus tectorum. Weed 
Res. 54(4):418-424. 

Enloe, S. F., Kline, W. N., Aulakh, J. S., Bethke, R. K., Gladney, J. B. and Lauer, D. K. 2013. 
Macartney rose (Rosa bracteata) response to herbicide and mowing treatments. 
Invasive plant sci manag 6(2):260-267. 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


18 Integrated weed management in grasslands 


FAO 2021. What is integrated weed management? Available at: http://www.fao.org/ 
agriculture/crops/thematic-sitemap/theme/spi/scpi-home/managing-ecosystems/ 
integrated-weed-management/iwm-what/en/. 

Fellows, D. P. and Newton, W. E. 1999. Prescribed fire effects on biological control of leafy 
spurge. J. Range Manag. 52(5):489-493. 

Firn, J., Price, J. N. and Whalley, R. D. 2013. Using strategically applied grazing to manage 
invasive alien plants in novel grasslands. Ecol. Processes 2:1-11. 

Green, S., Gaunt, R. E., Bourdót, G. W. and Field, R. J. 1998. Influence of phenology, 
defoliation, and Sclerotinia sclerotiorum on regrowth potential of Ranunculus acris. 
New Zeal. J. Agric. Res. 41:125-133. 

Grekul, C. W. and Bork, E. W. 2007. Fertilization augments Canada thistle (Cirsium arvense 
L. Scop) control in temperate pastures with herbicides (Cirsium arvense (L.) Scop). 
Crop Prot. 26(4):668-676. 

Grice, A. C. and Brown, J. R. 1996. An overview of the current status of weed management 
in Australia. In: Proceedings of the 11th Australian Weeds Conference (vol. 30), 
pp.195-204. 

Grice, A. C., Clarkson, J. R. and Calvert, M. 2011. Geographic differentiation of 
management objectives for invasive species: a case study of Hymenachne 
amplexicaulis in Australia. Environ. Sci. Policy 14(8): 986-997. 

Griffith, D. and Lacey, J. R. 1991. Economic evaluation of spotted knapweed [Centaurea 
maculosa] control using picloram. J. Range Manag. 44(1):43-47. 

Hahn, M. A., Schaffner, U., Háfliger, P. and Lüscher, A. 2016. Establishment and early 
impact of the native biological control candidate Pyropteron chrysidiforme on the 
native weed Rumex obtusifolius in Europe. BioControl 61(2):221-232. 

Hasan, M., Ahmad-Hamdani, M. S., Rosli, A. M. and Hamdan, H. 2021. Bioherbicides: 
an eco-friendly tool for sustainable weed management. Plants (Basel) 10(6): 
1212. 

Hatcher, P. E., Paul, N. D., Ayres, P. G. and Whittaker, J. B. 1994. The effect of an insect 
herbivore and a rust fungus individually, and combined in sequence, on the growth 
of two Rumex species. New Phytol. 128(1):71-78. 

Hoffmann, J. H., Moran, V. C. and Zeller, D. A. 1998. Long-term population studies and 
the development of an integrated management programme for control of Opuntia 
stricta in Kruger National Park, South Africa. J. Appl. Ecol. 35(1):156-160. 

Hopkins, A. and Johnson, R. H. 2002. Effect of different manuring and defoliation 
patterns on broad-leaved dock (Rumex obtusifolius) in grassland. Ann. Appl. Biol. 
140(3):255-262. 

Huwer, R. K., Briese, D. T., Dowling, P. M., Kemp, D. R., Lonsdale, W. M., Michalk, D. L., Neave, 
M. J., Sheppard, A. W. and Woodburn, T. L. 2005. Can an integrated management 
approach provide a basis for longterm prevention of weed dominance in Australian 
pasture systems? Weed Res. 45(3):175-192. 

Joshi, A. 2008. Integrating flea beetles (Aphthona spp.) with herbicide and grasses for 
leafy spurge (Euphorbia esula) management. Weed Technol. 22(3):523-529. 

Jursík, M., Kočárek, M., Kolářová, M. and Tichý, L. 2020. Effect of different soil and weather 
conditions on efficacy, selectivity and dissipation of herbicides in sunflower. Plant 
Soil Environ. 66(9):468-476. 

Kleijn, D. and Steinger, T. 2002. Contrasting effects of grazing and hay cutting on the 
spatial and genetic population structure of Veratrum album, an unpalatable, 
long-lived, clonal plant species. J. Ecol. 90(2):360-370. 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


Integrated weed management in grasslands 19 


Kluth, S., Kruess, A. and Tscharntke, T. 2003. Influence of mechanical cutting and pathogen 
application on the performance and nutrient storage of Cirsium arvense. J. Appl. 
Ecol. 40(2):334-343. 

Kudsk, P., Sønderskov, M., Bonin, L., Gonzalez-Andujar, J. L., Jensen, J. E., Melander, B., 
Moonen, C., Riemens, M., Sattin, M., Schaffner, U. and Storkey, J. 2020. IWMPRAISE- 
an EU Horizon 2020 project providing integrated weed management solutions to 
European farmers. Outlooks Pest Manag. 31(4):152-159. 

Le, Q. B., Nkonya, E. and Mirzabaev, A. 2016. Biomass productivity-based mapping of 
global land degradation hotspots. In: Nkonya, E., Mirzabaev, A. and von Braun, J. 
(Eds). Economics of Land Degradation and Improvement-A Global Assessment for 
Sustainable Development. Springer, New York, pp.55-84. 

Lehnhoff, E. A., Rew, L. J., Mangold, J. M., Seipel, T. and Ragen, D. 2019. Integrated 
management of cheatgrass (Bromus tectorum) with sheep grazing and herbicide. 
Agronomy 9(6):315. 

Le Maitre, D. C., Krug, R. M., Hoffmann, J. H., Gordon, A. J. and Mgidi, T. N. 2008. 
Hakea sericea: development of a model of the impacts of biological control on 
population dynamics and rates of spread of an invasive species. Ecol. Modell. 
212(3-4):342-358. 

Liebman, M., Baraibar, B., Buckley, Y., Childs, D., Christensen, S., Cousens, R., Eizenberg, H., 
Heijting, S., Loddo, D., Merotto Jr., A., Renton, M. and Riemens, M. 2016. Ecologically 
sustainable weed management: how do we get from proof-of-concept to adoption? 
Ecol. Appl. 26(5):1352-1369. 

Lüscher, A., Mueller-Harvey, l., Soussana, J. F., Rees, R. M. and Peyraud, J. L. 2014. Potential 
of legume-based grassland-livestock systems in Europe: a review. Grass For. Sci. 
69:206-228. 

Lym, R. G. 1998. The biology and integrated management of leafy spurge (Euphorbia 
esula) on North Dakota rangeland. Weed Technol. 12:367-373. 

Masin, E., Nelson, C. R. and Valliant, M. T. 2018. Can sheep control invasive forbs without 

compromising efforts to restore native plants? Rangel Ecol. Manag. 71(2):185-188. 

McEvoy, P. B., Rudd, N. T., Cox, C. S. and Huso, M. 1993. Disturbance, competition, 

and herbivory effects on ragwort Senecio jacobaea populations. Ecol. Monogr. 

63(1):55-75. 

Miller, T. W. 2016. Integrated strategies for management of perennial weeds. Invasive 

plant sci manag 9(2):148-158. 

Müller-Schárer, H. 1991. The impact of root herbivory as a function of plant density and 

competition: survival, growth and fecundity of Centaurea maculosa (Compositae) in 

field plots. J. Appl. Ecol. 28:759-776. 

Müller-Schàrer, H. and Collins, A. R. 2012. Integrated weed management. In: Jorgensen, 

S. E. (Ed.), Encyclopedia of Environmental Management. Taylor and Francis, New 

York, pp. 439-447. 

Müller-Schárer, H. and Schaffner, U. 2008. Classical biological control: exploiting enemy 

escape to manage plant invasions. Biol. Invasions 10(6):859-874. 

Müller-Schárer, H., Sun, Y., Chauvel, B., Karrer, G., Kazinczi, G., Kudsk, P., Oude, A. G. J. 
M. L., Schaffner, U., Skjoth, C. A., Smith, M., Vurro, M., de Weger, L. A. and Lommen, 
S. T. E. 2018. Cross-fertilizing weed science and plant invasion science to improve 
efficient management: a European challenge. Basic Appl. Ecol. 33:1-13. 

Nelson, J. A. and Lym, R. G. 2003. Interactive effects of Aphthona nigriscutis and picloram 
plus 2, 4-D in leafy spurge (Euphorbia esula). Weed Sci. 51(1):118-124. 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


20 Integrated weed management in grasslands 


Niggli, U., Nósberger, J. and Lehmann, J. 1993. Effects of nitrogen fertilization and 
cutting frequency on the competitive ability and the regrowth capacity of Rumex 
obtusifolius L. in several grass swards. Weed Res. 33(2):131-137. 

Norsworthy, J. K., Ward, S. M., Shaw, D. R., Llewellyn, R. S., Nichols, R. L., Webster, T. M., 
Bradley, K. W., Frisvold, G., Powles, S. B., Burgos, N. R. and Witt, W. W. and Barrett, M. 
2012. Reducing the risks of herbicide resistance: best management practices and 
recommendations. Weed Sci. 60:31-62. 

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G.V., Underwood, 
E. C., D'amico, J. A., Itoua, l., Strand, H. E., Morrison, J. C. and Loucks, C. J. 2001. 
Terrestrial ecoregions of the world: a new map of life on earth. BioScience 51(11), 
933-938. 

Paynter, Q. and Flanagan, G. J. 2004. Integrating herbicide and mechanical control 
treatments with fire and biological control to manage an invasive wetland shrub. 
Mimosa Pigra. J. Appl. Ecol. 41:615-629. 

Phatak, S. C., Sumner, D. R., Wells, H. D., Bell, D. K. and Glaze, N. C. 1983. Biological control 
of yellow nutsedge with the indigenous rust fungus Puccinia canaliculata. Science 
219(4591):1446-1447. 

Pywell, R. F., Hayes, M. J., Tallowin, J. B., Walker, K. J., Meek, W. R., Carvell, C., Warman, 
L. A. and Bullock, J. M. 2010. Minimizing environmental impacts of grassland weed 
management: can Cirsium arvense be controlled without herbicides? Grass Sci. 
65(2):159-174. 

Reichard, S. H. and White, P. 2001. Horticulture as a pathway of invasive plant 
introductions in the United States: most invasive plants have been introduced 
for horticultural use by nurseries, botanical gardens, and individuals. BioScience 
51:103-113. 

Richardson, L. A., Juricek, C. J., Lym, R. G., Kirby, D. R. and Tober, D. A. 2008. Integrated 
leafy spurge (Euphorbia esula) control using imazapic, Aphthona spp. biological 
control agents, and seeded native grasses. Inv. Plant Sci. Manag. 1(3):255-264. 

Samuel, L. W., Sedivec, K. K., Dahl, J. D., Jonson, L. L. and Faller, T. C. 2004. Effects of 
multi-species grazing and biocontrol on leafy spurge-infested rangeland using 
rotational grazing. In: Proceedings of the Sociaal Range Managed. Littleton, CO, 
p.326. 

Sandel, B. and Dangremond, E. M. 2012. Climate change and the invasion of California by 
grasses. Glob. Change Biol. 18(1):277-289. 

Schnick, P. J., Stewart-Wade, S. M. and Boland, G. J. 2002. 2,4-D and Sclerotinia minor to 
control common dandelion. Weed Sci. 50(2):173-178. 

Sciegienka, J. K., Keren, E. N. and Menalled, F. D. 201 1. Interactions between two biological 
control agents and an herbicide for Canada thistle (Cirsium arvense) suppression. 
Invasive plant sci manag 4(1):151-158. 

Scott, J. K. and Sagliocco, J. -L. 1991a. Chamaesphecia doryliformis (Lep.: Sesiidae), 
a second root borer for the control of Rumex spp. (Polygonaceae) in Australia. 
Entomophaga 36(2):245-251. 

Scott, J. K. and Sagliocco, J. -L. 1991b. Bembecia chrysidiformis (Lep.: Sesiidae), a 
potential control agent for Rumex spp. (Polygonaceae) in Australia. Entomophaga 
36(2):235-244. 

Speight, R. |. and Whittaker, J. B. 1987. Interactions between the chrysomelid beetle 
Gastrophysa viridula, the weed Rumex obtusifolius and the herbicide asulam. J. 
Appl. Ecol. 24(1):119-129. 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


Integrated weed management in grasslands 21 


Strickland, G. R., Fogliani, R. and Scott, J. K. 2012. Rumex spp.—docks. In: Julien, M., 
McFadyen, R. and Cullen, J. (Eds) Biological Control of Weeds in Australia. CSIRO 
Publishing, Collingwood, pp.140-148. 

Sun, Y., Kaleibar, B. P., Oveisi, M. and Muller-Scharer, H. 2021. Addressing climate change: 
what can plant invasion science and weed science learn from each other? Front. 
Agron. 2:626005. doi: 10.3389/fagro.2020.626005 

Suter, M., Siegrist-Maag, S., Connolly, J. and Lüscher, A. 2007. Can the occurrence of 
Senecio jacobaea be influenced by management practice? Weed Res. 47(3):262-269. 

Suter, M. and Lüscher, A. 2011. Measures for the control of Senecio aquaticus in managed 
grassland. Weed Res. 51(6):601-611. 

Suter, M. and Lüscher, A. 2012. Rapid and high seed germination and large soil seed bank 
of Senecio aquaticus in managed grassland. Sci. World J. Available at: https://doi 
.org/doi:10.1100/2012/7238082012:723808. 

Suter, M., Hofer, D. and Lüscher, A. 2017. Weed suppression enhanced by increasing 
functional trait dispersion and resource capture in for-age ley mixtures. Agric. Ecos 
Environ. 240:329-339. 

Suter, M., Huguenin-Elie, O. and Lüscher, A. 2021. Multispecies for multifunctions: 
combining four complementary species enhances multifunctionality of sown 
grassland. Sci. Rep. 11(1):3835. 

Tipping, P. W. 2001. Canada thistle (Cirsium arvense) control with hexazinone in crown 
vetch (Coronilla varia). Weed Technol. 15(3):559-563. 

Triolet, M., Guillemin, J. P., Andre, O. and Steinberg, C. 2020. Fungal-based bioherbicides 
for weed control: a myth or a reality? Weed Res. 60(1):60-77. 

Varanasi, A., Prasad, P. V. V. and Jugulam, M. 2016. Impact of climate change factors on 
weeds and herbicide efficacy. Adv. Agron. 135:107-146. 

Veldman, J. W., Buisson, E., Durigan, G., Fernandes, G. W., Le Stradic, S., Mahy, G., 
Negreiros, D., Overbeck, G. E., Veldman, R. G., Zaloumis, N. P., Putz, F. E. and Bond, 
W. J. 2015. Toward an old-growth concept for grasslands, savannas, and woodlands. 
Front. Ecol. Environ. 13(3):154-162. 

Vitelli, J. S. 2000. Options for effective weed management. Trop. Grassl. 34:280-294. 

Willis, A. J., Groves, R. H. and Ash, J. E. 1998. Interactions between plant competition and 
herbivory on the growth of Hypericum species: a comparison of glasshouse and 
field results. Aust. J. Bot. 46(6):707-721. 

Winston, R. L., Schwarzlander, M., Hinz, H. L., Day, M. D., Cock, M. J. W. and Julien, M. 
H. 2014. Biological control of weeds: a world catalogue of agents and their target 
weeds, 5th edn. FHTET-2014-04. USDA Forest Service, Forest Health Technology 
Enterprise Team, Morgantown. 

Ziska, L. H. 2016. The role of climate change and increasing atmospheric carbon dioxide 
on weed management: herbicide efficacy. Agric. Ecosys Environ. 231:304-309. 


Published by Burleigh Dodds Science Publishing Limited, 2022. 


